The spin polarization of the 2D electron system in silicon MOSFET's was determined from simultaneous measurements of the low-field Hall coefficient and Shubnikov de Haas oscillations. The electrons are fully spin-polarized in the presence of a large in-plane magnetic field at low densities. There is a small and gradual depolarization as the density is increased, followed by a sudden and abrupt transition to a state with zero spin polarization. Our results imply that the anomalous metallic behavior found in dilute 2D systems is related to a new spin-ordered phase.
A great deal of interest has recently been focussed on the anomalous behavior of twodimensional (2D) systems of electrons [1, 2] and holes [3] [4] [5] whose resistivities unexpectedly decrease with decreasing temperature, behavior that is generally associated with metals rather than insulators [6] . Numerous theoretical suggestions have been advanced to account for this behavior, including esoteric conducting phases [7] , superconductivity [8] , and a spin liquid that freezes to a Wigner glass [9] . One of the most intriguing characteristics of these systems is their enormous response to magnetic fields applied in the plane of the electrons [10, 11] or holes [5, 12] : the resistivity increases sharply by more than an order of magnitude, saturating to a new value in fields above several Tesla. It was first suggested that the sole effect of an in-plane field is to "quench" the anomalous metallic phase, restoring the localized behavior that was thought to prevail for all 2D systems in the limit of zero temperature [10] . It has recently been noted [13] , however, that an in-plane magnetic field has a dramatic and qualitatively similar effect in the insulating phase, implying that spin plays a crucial role in dilute systems regardless of whether their resistivities display temperature dependences characteristic of metallic or localized behavior. The enormous magnetoresistance observed in these systems [5, [10] [11] [12] [13] [14] has been attributed [9, 15] to the breaking of spin singlets in response to parallel magnetic fields.
By a careful analysis of Shubnikov-de Haas oscillations, Okamoto et al. [14] recently showed that the electron system is fully spin-polarized when the resistivity has reached its plateau value in high parallel magnetic fields. For silicon MOSFET's in magnetic fields tilted at a very small angle with respect to the plane of the electron system, we have obtained a straightforward determination of the spin polarization of the electrons from analysis of simultaneous measurements of the Hall coefficient in small perpendicular field and high-field Shubnikov-de Haas oscillations. In agreement with the earlier work of Okamoto et al. [14] , we find that the electrons are fully spin-polarized in high parallel fields for low electron densities. In this Letter, we report that as the density is increased further, the degree of polarization exhibits a small gradual decrease followed by an abrupt transition at a welldefined value of the electron density to a new state with no net spin polarization. Our results imply that the anomalous temperature dependence of the zero-field resistivity of dilute 2D systems is related to a transition to a phase with net zero spin polarization.
Two silicon MOSFET's with mobilities µ ≈ 20, 000 V/cm 2 s at T = 4.2 K were used in these studies. Contact resistances were minimized by using a split-gate geometry which allows a higher electron density in the vicinity of the contacts than in the 2D system under investigation. Standard AC four-probe techniques were used to measure the resistance with AC currents in the linear regime, typically below 10 nA, at frequency 3Hz. The sample was mounted at the end of a low temperature probe on a rotating platform. Data were taken in a 3 He Oxford Heliox system at temperatures between 0.235 K and 1.66 K in magnetic fields H up to 12 T. Measurements were first made with the plane of the sample oriented parallel to the magnetic field. The resistance, R xx , is shown in Fig. 1 as a function of magnetic field for different fixed gate voltages spanning densities between n s = 0.74 × 10 11 cm −3 and n s = 2.92 × 10 11 cm −3 (the temperature dependence of the resistivity in zero field places the critical density at n c ≈ 0.83 × 10 11 cm −3 ). As found earlier in silicon MOSFET's [10, 11, 14] as well as GaAs/AlGaAs [12] , the resistance increases dramatically as the in-plane magnetic field is increased, saturating in the case of silicon to a value that is approximately constant above several Tesla. The field above which this saturation occurs increases gradually as the electron density is increased. Note that the high-field saturated condition has been achieved at 8 Tesla (and higher) for all except the highest densities shown in Fig. 1 .
The MOSFET was then rotated to make a very small angle φ (typically 6 o ) with respect to the direction of the external magnetic field, so that the in-plane component was almost equal to the total field H ≈ H, while the projection in the perpendicular direction, H ⊥ ≈ φH, remained relatively small even in high fields. The normal component H ⊥ was of the order of 10% or less of the total field. R xx and R xy were measured simultaneously as a function of magnetic field at a fixed temperature and constant electron density n s .
Figures 2 (a) and 2 (b) show typical curves for R xx and R xy as a function of magnetic field with the sample plane tilted at an angle of 6 o with the direction of the field. For this angle the component perpendicular to the electron plane, H ⊥ , varies from 0 to 11.5sin6 o = 1.2 T. The initial slopes of the R xy curves (Fig. 2 (b) ) yield the total electron density through the expression R H = R xy /H ⊥ = 1/nec (here R H is the Hall coefficient, n is the total density of electrons, e is the charge of the electron and c is the velocity of light).
Clear Shubnikov-de Haas oscillations are evident at high fields in both the longitudinal resistance shown in Fig. 2 (a) and the Hall resistance shown in Fig. 2 (b) . The (total) field above which the oscillations appear can be varied by controlling the perpendicular field component by adjusting the tilt angle [16] . The period of the oscillations were determined from 1/H ⊥ plots for both longitudinal and Hall components in the 8 − 11 T range; the accuracy of these determinations were ≈ 5% for all concentrations.
Measurement of the Hall coefficient and Shubnikov-de Haas oscillations were combined to yield the net spin-polarization as follows: In the free electron model the spin polarization is given by the difference in population between the spin-up and spin-down bands, n ↑ − n ↓ , where the two bands are shifted relative to each other by the Zeeman energy, ∆ Z = µgH, as shown schematically in Fig. 3 (here g is the electron g-factor, which may be enhanced by e − e interactions). There are Shubnikov-de Haas oscillations associated with each band with different periods given by
F , where the Fermi energies E ↑,↓ F are measured relative to the bottom of their respective bands and ω c is the cyclotron frequency, ω c = eH ⊥ /mc. Including the two-fold valley degeneracy in silicon, the density of spin-up and spin-down electrons is n ↑,↓ = mE
When the electrons are unpolarized, n ↑ = n ↓ = n/2, while for fully polarized electrons (very large Zeeman splitting) n ↓ = 0 and n ↑ = n. Using the n ↑ determined from the high-field Shubnikov-de Haas measurements and the total density n = H ⊥ /(R xy ec) determined from the low-field Hall resistance, one obtains:
which should vary between 1/2 and 1 as the electron system changes from net zero to full spin polarization. We note that
so that a determination of the spin polarization does not involve the tilt angle φ, which was not accurately measured. Within the free electron model, the relative concentration of spin-up electrons given by
should vary smoothly between 1/2 at low magnetic field ( ∆ Z < (2πh 2 n)/m ) and 1 at high magnetic field (∆ Z ≥ (2πh 2 n)/m), reflecting the continuous change in population of the two spin bands shown in Fig. 3 .
Values of n ↑ /n calculated from the data using Eq. (1) are shown in Fig. 4 . Each point corresponds to a pair of curves, R xx and R xy , as a function of magnetic field to 11.5 Tesla for a fixed gate voltage. As reported by Okamoto et al. [14] , the electrons are fully polarized for low electron densities in parallel fields sufficiently high that the resistivity has reached its plateau value. The polarization diminishes gradually as the density is raised further [17] , and then abruptly drops to n ↑ /n = 1/2 at n tr ≈ 2.3 × 10 11 cm −2 , where n tr denotes the (magnetic field dependent) density at the transition. At this density the ratio, r s , of Coulomb to Fermi energy is about 5.6. The full line denotes the gradual density dependence calculated from Eq. (2) using the Zeeman splitting ∆ Z as a fitting parameter to match the experimental results at low electron densities when the system is fully polarized. As indicated by the dashed line, the system instead demonstrates a remarkable and sharp transition to a new state. We note that the low-field Hall coefficient varies smoothly with gate voltage across this range. It is the period of the high-field Shubnikov-de Haas oscillations that undergoes an abrupt change, consistent with a sudden decrease in the Fermi energy, E ↑ F , due to a redistribution of population of spin-up and spin-down electron states in the 2D system. The experimental data (see fig.4 ) as well as careful analysis of the periodicity of the Shubnikov-de Haas oscillations in a wide (4.5-11.5T) range of magnetic fields demonstrate that at densities above n tr the number of filled spin-up and spin-down states is very nearly (or probably exactly) the same, indicating a ground state with net zero (or very small) spin polarization in the presence of strong magnetic fields up to 11.5T [18] .
We emphasize that free electrons have a finite, non-zero spin polarization in such high fields. We conclude that at n tr the 2D electron system undergoes a transition to a collective, spin-ordered phase with total zero spin moment which is stable against strong magnetic field. The curves of Fig. 1 indicate that larger fields are required at higher densities to achieve full spin-polarization (corresponding to the plateau in the resistivity), and the transition to the unpolarized phase will thus occur at a density-dependent field. The measurements used here require a range of magnetic fields for the determination of the Shubnikov-de Haas period, and a full mapping of the H versus n s diagram will probably require other methods such as direct magnetic measurements.
Preliminary measurements indicate that the resistivity exhibits complex behavior at high magnetic field and has a clear, albeit subtle, signature at n tr . In a constant in-plane field of 11.5 Tesla, the resistance is strongly localized for densities up to ≈ 1.45 × 10 11 cm −2 , above which it becomes weakly metallic. Precisely at the density n tr corresponding to the spin polarization transition (≈ 2.3 × 10 11 cm −3 at this field), the resistance is independent of temperature. Very weak insulator-like behavior is found above this up to a density (at this field) of ≈ 2.86 × 10 11 cm −2 , and weak metallic temperature dependence resumes at higher electron densities. We note also that although no Shubnikov-de Haas oscillations were observed for the spin-down band up to n s ≈ 6 × 10 11 cm −2 , structure appears above this density which may signal the presence of two bands with slightly different Fermi energies. These complex features may offer clues to a rich and complex phase diagram and require further careful investigation.
In closing, we suggest that our findings may shed light on the anomalous temperature dependence of dilute 2D systems in zero magnetic field [1] [2] [3] [4] [5] [6] . One surely expects that the spin-ordered phase we have discovered, which is stable in quite high magnetic fields, survives when the field is reduced to zero where the system is known to exhibit metallic behavior and to undergo an anomalous metal-insulator transition at lower densities. The unexpected behavior of these systems in zero magnetic field may thus be associated with the existence of a spin-ordered phase.
We thank E. Abrahams and S. V. Kravchenko for illuminating discussions and comments on the manuscript. This work was supported by U. S. Department of Energy grant No. DE-FG02-84ER45153. coefficient can be measured up to full total field, indicate that the slope of ρ xy versus H, and the total electron density deduced from it, do not change with increasing parallel field.
[17] We note that when the electron system begins to depolarize, quantum oscillations associated with the spin-down band should appear that have much longer period (since
We attribute their apparent absence to the fact that the amplitude of these oscillations depends exponentially on the electron mobility in the upper band, which is known to be very low at low densities. At electron densities below ≈ 2.3 × 10 11 cm −3 , where the up-spin population decreases gradually decreases, our estimate is that the amplitude of the SdH oscillations of the spin-down band should be reduced by at least an order of magnitude.
[18] A single period was observed for the Shubnikov-de Haas oscillations in the magnetic field range from 4.5 to 11.5T for electron densities up to ≈ 6x10 11 × cm −2 , indicating no detectable spin splitting up to this density. For two silicon MOSFET's in parallel magnetic field H = 10T , the ratio of up-spin electrons to the total number, n ↑ /n, is shown as a function of electron density. The 2D electron system is fully polarized for n ↑ /n = 1 and has net zero spin polarization for n ↑ /n = 1/2. The solid curve shows the behavior expected for free electrons; the dashed line is drawn through the experimental data to aid the eye. The thermometer reading was T = 245 mK. 
